1) no restriction as regards material or polarization; 2) use of the largest SHG tensor component; 3) matching at arbitrary wavelength and temperature; 4) no essential reduction in field overlap; 5) high spatial coherence of the output. Many QPM studies have been undertaken mainly using inorganic waveguides [9] [10] [11] , [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Recently, interest has been shown in the large NLO coefficients of certain organic materials [25] , [26] . Poled polymers have attracted particular attention because they are easy to process into optical waveguides. Therefore, there have been many studies focusing on electrooptic waveguide devices [27] [28] [29] [30] [31] [32] [33] . However, there have been few reports on QPM frequency conversion using these materials [34] , [35] because they are difficult to fabricate into waveguides with a precise periodic poling structure.
Gratings for QPM can be fabricated by providing periodic modulation of linear or nonlinear optical constants in a waveguide [36] [37] [38] [39] . In poled polymer waveguides, electrical poling techniques using periodically patterned electrodes have been employed to change refractive indexes and/or NLO coefficients [34] , [35] . We previously reported a new waveguide fabrication technique which we call the "serial grafting technique," using two different polymers, a UV curable epoxy resin and a poled polymer [40] . The advantage of this technique is that it provides the ability to connect different precisely structured waveguides with low loss. This technique has been applied in order to realize quasi-phase-matched secondharmonic generation (QPM-SHG) devices with a precisely controlled periodic poled waveguide structure [41] .
In this paper, we deduce basic equations for QPM-SHG in a polymer channel waveguide and describe an effective method for the fabrication of guided-wave QPM-SHG devices with a precise periodic poled structure. Finally, we report QPM-SHG experiments in a channel waveguide composed of a diazodye-substituted poled polymer and compare the experimentally obtained SHG efficiencies with the calculated values.
II. THEORY

A. Second-Order Nonlinear-Optical Processes in Poled Polymers
Electrically poled dye-substituted polymers possess a unique axis of symmetry in the direction parallel to the poling electric 0018-9197/97$10.00 © 1997 IEEE field. These polymers belong to the mm point group. The independent elements of second-order susceptibility for this group are and . The susceptibility can be expressed as a statistical average of the molecular hyperpolarizability [42] : (1) where and are the number density and the secondorder hyperpolarizability of the side-chain dye molecule, and and are the local field factors. The indexes , and define the coordinate system of the molecule, while indexes , and define that of the macroscopic material. The 's are projections of the molecular axes onto the macroscopic frame, and the angle brackets denote the statistical average of all the molecular orientations weighted by the orientation distribution function.
The orientation distribution function is calculated in a hightemperature state in which molecular motion is enhanced and the poling field is present. The alignment energy for orientationally ordered materials originates in the short-and long-range intermolecular interactions and in the externally imposed field and is comparable to . The dye molecules we studied possess a long conjugated -electron system with an electron donor at one end and an electron acceptor at the other. If the direction on the molecular frame is assumed to be along the permanent molecular dipole moment , such dye molecules have a large component along that points approximately from the donor to the acceptor. If the poling field is applied along the laboratory 3-direction, the relationship between the macroscopic susceptibility and molecular hyperpolarizability is obtained in the oriented gas approximation for as follows [42] : (2) where is a second-order NLO coefficient. Fig. 1 shows a channel waveguide with a nonlinear grating. We assume that there is a periodic modulation of the NLO coefficient in the guiding core layer with (3) Let be this rectangular-form NLO coefficient, then can be expressed in the form of a Fourier series (4) where is the period of the nonlinear grating.
B. Normal Mode Analysis of Quasi-Phase-Matched Second-Harmonic Generation in Channel Waveguides
In QPM-SHG, two fundamental waves and travel along the axis of the channel waveguide where the nonlinear grating is formed. A second-harmonic (SH) polarization generated by fundamental waves and the nonlinear grating is generally given as (5) The SH polarization that oscillates at the SH frequency can radiate an SH wave which travels along the axis. When the guiding core layer is composed of poled polymer, there are two typical QPM-SHG processes: 1) (type I), and 2) (type II). As the SHG efficiency for type I is larger than that for type II, we consider here only the type-I SHG process. Below, the SHG efficiency for this process is derived by employing normal mode analysis [43] , [44] .
In the type-I SHG process, the fundamental guided waves and , whose propagation vectors are and , have the same TM-mode profiles with a mode order along the and axes. The electric fields of the fundamental waves and are generally given by the following expressions: (6) where ( : wavelength, : effective index of the fundamental TM mode). Here we assume that the mode profiles and have the same Gaussian profiles along the and axes with common spot sizes and as follows [45] : (7) where is the TM-mode amplitude.
Using (4)- (6), the polarization generated by the waves and is given by (8) We expand the SH wave by the normal TM modes in the waveguide with a periodic perturbation of the NLO coefficient as (9) (10) where we used [43] . The field profile has a Gaussian profile along the and axes with spot sizes and as follows:
The wave equation for in the guiding core layer is given by [44] (12)
Substituting (8), (10) , and (11) into (12), and applying a slowly varying amplitude and phase approximation (SVEA) for the amplitude function along the axis, the equation describing the development of the SH wave is given by (13) Multiplying (13) by and integrating the result gives (14) with (15) (16) where is the overlap integral of the fundamental and SH TM mode.
We can choose the period such that (17) where is the phase mismatch parameter, and (17) represents the phase-matching condition of the nonlinear grating. By using , (14) can be rewritten as follows:
Among the three exponential terms on the right-hand side of (18), the first term ( term) is important to our consideration. In what follows, this term is considered in some detail, and the other terms have been ignored. By using the following approximation: (19) integrating (18) over gives (20) where . Here the power of the fundamental wave is given by the following expression: (21) Similarly, the power of the SH wave is given by (22) Here we consider first-order SHG phase matching. Substituting (21) and (22) into (20) gives (23) with (24) (25) where we assume that , and is the lossless, internal normalized conversion efficiency.
III. EXPERIMENTAL RESULTS
A. Fabrication of Nonlinear Gratings in Polymer Waveguides
The molecular structure of the material we investigated is shown in Fig. 2 . This material is a random copolymer of methyl methacrylate and diazo-dye-substituted methacrylate and is hereafter abbreviated as 3RDCVXY [46] , [47] . The maximum absorption wavelength of 3RDCVXY is 0.505 m, which is shorter than the SH wavelength (0.74-0.83 m) of our QPM-SHG experiments. The refractive indexes from 0.6 to 1.6 m were accurately measured with a prism coupler (Metricon PC-2100) where TE-and TM-polarized laser light was coupled into and out of poled 3RDCVXY films spincoated on Si wafers. In this film, the difference between the refractive indexes measured with the TE-and TM-polarized light was very small . The refractive indexes of the poled 3RDCVXY film are shown in Fig. 3 , together with the refractive indexes of the UV curable epoxy resins used as the core and cladding materials.
The values of the poled 3RDCVXY films at 1.55 m were determined from SHG measurements. The polymer samples spin-coated onto Si wafers were poled with the electrode poling method. The fundamental wave at 1.55 m was generated by the differential-frequency generation of a SH wave at 1.06 m and a tunable dye laser. The SH intensities from the polymer films were measured as a function of laser incident angles, and values were determined using a single-crystal quartz plate 0.33 pm/V) as a reference. The determined values of the poled 3RDCVXY films are plotted in Fig. 4 as a function of the poling field . As shown in (2) , the values are linearly proportional to the values. In this paper, the core materials were both the poled 3RDCVXY polymer and the UV curable epoxy resin [48] . The refractive index at the 1.48-1.65-m fundamental wavelength of the epoxy resin was precisely controlled so that it matched that of the 3RDCVXY polymer, as shown in Fig. 3 . This controllability makes it easy to form a periodic laminar structure composed of these core materials. Furthermore, because of its controllability, the UV curable epoxy resin was also used for the cladding layer. The refractive-index difference between the core and the cladding was chosen so that it satisfied single-mode conditions. 5 shows the serial grafting technique [40] we used to fabricate a channel waveguide with a nonlinear grating. First, the epoxy-resin undercladding layer and the 3RDCVXY polymer layer were spin-coated on a Si wafer. After forming periodic patterns on the 3RDCVXY layer by conventional photolithography, the layer was etched by O reactive ion etching (O -RIE) until the surface of the undercladding layer was exposed, as shown in Fig. 5(a) . Next, the periodically patterned 3RDCVXY core ridge was covered with the epoxy resin for grafting [see Fig. 5(b) ]. The refractive index of the resin at 1.55 m was the same as that of the 3RDCVXY polymer (see Fig. 3 ). Then, the epoxy-resin layer was etched using O -RIE until the top surface of the patterned 3RDCVXY core channel was exposed as shown in Fig. 5(c) . Subsequently, the epoxy-resin core ridge was formed by photolithography and O -RIE, resulting in a serially grafted connection between the 3RDCVXY polymer and the epoxy-resin waveguides, as shown in Fig. 5(d) . The core ridge size was 2 6 m. We obtained a channel waveguide with a periodic structure by covering the ridge with another UV curable epoxy resin. Finally, the channel waveguide was poled at 140 C by supplying a high electric voltage through upper and lower electrodes. The poling field was about 35 MV/m. This poling process provided the channel waveguide with a nonlinear grating. Furthermore, the value of the poled 3RDCVXY core layer was estimated to be about 15 pm/V at an value of 35 MV/m (see Fig. 4 ).
The periodic length in a core channel is an important factor in realizing QPM frequency conversion. In this experiment, we formed channel waveguides with a periodic length in the 10-90-m range and intervals of 1 m on the same Si substrate. The serial grafting technique makes it easy to obtain a precise periodic poled structure because precise periodic lengths can be obtained easily by using photolithography. Furthermore, the poling process imparts a strong second-order optical nonlinearity only to the periodic poled-polymer parts in the core channel.
B. QPM-SHG Experiments in Periodic Polymer Waveguides
Our experimental setup for measuring QPM SHG in a channel waveguide is shown in Fig. 6 . The laser source is an center laser (repetition frequency: 100 MHz, pulse width: 9 ps) with a 1.48-1.65-m fundamental wavelength. TMmode incident light was launched into the 5-mm-long polymer waveguide by end-fire coupling. It was assumed that the fundamental wave output detected by the power meter was almost equal to the fundamental power because of the small propagation loss (1.2 dB/cm) of the 3RDCVXY core channel [30] and the small connection loss (0.005 dB/point) at a grafting point [40] .
In this experiment, because there were many channel waveguides with different periodic lengths on the same substrate, we could select a suitable type-I QPM condition by choosing a waveguide with an appropriate periodic length. When the fundamental wavelength was 1.586 m, the SHG intensity was strongest in the waveguide with a periodic length of 32 m. Fig. 7 shows the relationship between the fundamental power and SH power. The SH power is proportional to the square of the fundamental power, as shown in (23) . In contrast to the above result, when the periodic length is 32 m, the SHG intensity exhibits a strong dependence on the fundamental wavelength as shown in Fig. 8 . The conversion efficiency exhibits the tuning curve expected by (24) . The full width at half-maximum (FWHM) of the efficiency spectrum is about 5.0 nm. The FWHM value for the fundamental wavelength is given by [50] ( 26) where is the effective phase-matching length, and is the phase mismatching parameter [see (17) ]. The value was about 0.33 m at 1.586 m. Therefore, the observed FWHM value (5.0 nm) indicates that the value is about 3.4 mm, which is shorter than the sample length 5 mm. By using the value instead of , the maximum value at W can be estimated as follows (see Fig. 8 ):
Furthermore, Fig. 9 shows the relationship between the periodic length and the fundamental wavelength where the SHG intensity exhibited its maximum value. The solid line represents the theoretical curve calculated by (17) . The experimentally determined values are slightly (about 1 m) larger than the theoretically expected ones. The 1-m gap may be attributed to the refractive-index deviations of the 3RDCVXY polymer and the epoxy resins.
C. Comparison with Calculated Efficiency
The lossless, internal normalized conversion efficiency at the fundamental wavelength of 1.586 m can be calculated by inserting 15 pm/V, 7.60 m into (24) and (25) . The effective refractive indexes and guided-mode spot sizes were estimated with the appropriate scalar finite element method (FEM) [51] , [52] . The calculated value was 53.16% W cm , and this was about 17 dB larger than the observed value. It is well known that the measurement of conversion efficiencies in guided-wave QPM-SHG devices is complicated by a variety of factors, including grating and/or waveguide inhomogeneities and propagation loss in the waveguide [20] , [24] , [49] , [50] . The propagation loss in particular causes a significant reduction in the conversion efficiencies [24] , [50] . In addition to these factors, the mode mismatching loss of the SH power at domain boundaries should be considered because the SH-wave mode profile of the 3RDCVXY core layer is significantly different from that of the epoxy-resin core layer, as shown in Fig. 10 . Therefore, we consider here the effect of mode mismatching and propagation losses on the conversion efficiencies of the fabricated devices.
When an SH wave propagates through a nonlinear grating region, the SH-wave power decreases due to the intrinsic absorption loss of the 3RDCVXY and the epoxy-resin core materials. The effect of the intrinsic absorption (or the propagation) loss on the normalized conversion efficiency can be given by [24] or (28) where is the propagation length, is the exponential power loss coefficient at , and the subscripts EO and UV represent the 3RDCVXY polymer and the epoxy resin, respectively. At 0.793 m, the and values were determined as about 4.61 [47] and 0.46 cm , respectively.
Furthermore, when the SH wave transfers from the epoxyresin core layer to the 3RDCVXY layer, a small amount of the SH-wave power is reflected in a backward direction (Fresnel reflection) or is consumed as mode mismatching loss. These effects on the value at each domain boundary can be given by [51] , [52] (29) or (30) where and are the effective index and the spot size of the SH TM mode, and is the refractive-index profile of the waveguide. When we chose 0.793 m, the and values were estimated to be 1.5601, 1.5484, 2.43 m, 5.09 m, 3.21 m, and 5.57 m, respectively. As a result, the value was calculated to be 0.959 at 0.793 m. Here we consider a simplified model of the generation and propagation of the SH wave in the th segment of the guiding core layer (see Fig. 11 ). Here is the number of the pitch. Since we assume that SHG is an undepleted process in our experiment, the SH wave can be generated in each segment with equal probability. The generated and/or propagating SHwave power decreases due to the propagation losses of both the 3RDCVXY (EO) and the epoxy-resin (UV) core layers. These effects can be expressed by and , respectively. In addition to these propagation losses, the SHwave power decreases because of the Fresnel reflection and the mode mismatching losses at both the EO-to-UV and the UV-to-EO interfaces. These effects at each interface can be expressed by . Therefore, the reduction factor for the SH-wave power in the th segment is given by (31) Similarly, in the th segment, the SH-wave power decreases due to the propagation losses of both the 3RDCVXY (EO) and the epoxy-resin (UV) core layers. However, it decreases due to the Fresnel reflection and the mode mismatching losses only at the EO-to-UV interface. Therefore, the reduction factor for the SH-wave power in the th segment is given by (32) Fig. 11 . Loss mechanism for the SH waves generated and propagating in the channel waveguide. A and Bterms are given by (28) and (29) .
When the effects of the Fresnel reflection, mode mismatching, and propagation losses in all of the segments are taken into account, the theoretically expected conversion efficiency of the fabricated SHG device is given as follows: 
The value is about four times (or 5 dB) larger than the observed value given by (27) . Helmfrid et al. have estimated the influence of various imperfections on SHG in QPM lithium niobate waveguides [20] , [49] . They reported that 1 dB of the decrease in the conversion efficiency was due to the use of a repeated set of different domain lengths, and 6 dB of the decrease was due to inhomogeneities in the effective index, in combination with the absence of domain inversion in some regions of the sample and other imperfections occurring inhomogeneously along the waveguide [20] . Therefore, in our case, the decrease of 5 dB in the efficiency may be due to the use of a repeated set of different domain lengths, inhomogeneities in the effective index, and other imperfections occurring inhomogeneously along the waveguide.
IV. CONCLUSION
We have demonstrated first-order QPM SHG in a poled diazo-dye-substituted polymer channel waveguide. We fabricated the channel waveguide with a nonlinear grating composed of poled polymer and the epoxy resin by conventional photolithography and reactive ion etching. First, we derived theoretically the conversion efficiency dependence on both the waveguide parameters and the grating structure. Next, we fabricated QPM-SHG devices for the fundamental wavelength of 1.48-1.65 m and examined the device performance. As a result, we obtained a normalized internal conversion efficiency of 1.1% W cm for the 1.586-m fundamental wave with a phase-matched interaction length of 3.4 mm. Furthermore, we compared the experimental conversion efficiencies with the theoretical results. When the effects of Fresnel reflection, mode mismatching, and propagation losses are taken into account, most of the experimental results can be explained in terms of the theoretically expected conversion efficiencies of the fabricated SHG devices.
